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Method and System for Minimizing Error in Bandwidth Allocation 
with an Optimal Number of Renegotiations 

Field of the Invention 

The present invention relates generally to a method or system for allocating 
network resources for network traffic, and more particularly to adaptive bandwidth 
5 allocation for real-time traffic. 

Background of the Invention 

An asynchronous transfer mode (ATM) network provides an application program 
10 with a QoS connection-oriented service that has guaranteed bandwidths for 
sending Internet Protocol (IP) packets or "traffic." To send the packets, the 
application requests a virtual circuit (VC) with an initial bandwidth. After the VC 
has been allocated to the application, an adaptation layer of the network determines 
how long to keep the VC open with the initial bandwidth assignment. As long as 
15 the sending rate of the packets matches the allocated bandwidth, then the VC is 
kept open, see H. Saran, S. Keshav, "An empirical Evaluation of Virtual Circuit 
Holding Times in IP over ATM Networks," Proc. of INFOCOM 1994, Y. Afek, M. 
Cohen, E. Haalman, Y. Mansour, "Dynamic Bandwidth Allocation Policies, " 
0743-166X/96 IEEE, and S. K. Biswas, R. Izmailov, "Design of a fair Bandwidth 
20 allocation Policy for VBR Traffic in ATM Networks" IEEE/ACM Trans. On 

Networking, V:8, N:2, April 2000. However, if the application sends packets at a 
higher or lower rate than the allocated bandwidth, then there is a need to adjust the 
bandwidth of the allocated VC. 



1 



Periodic adaptation processes adjust, i.e., "renegotiate," the allocated bandwidth at 
fixed time intervals. On the other hand, adaptive processes renegotiate the 
bandwidth as necessary, as long as the renegotiations are not too frequent. 
Renegotiating the bandwidth can be done in two ways. The existing VC can be 
5 closed, and a new VC can be allocated, or the allocation of the current VC can be 
adjusted, Y. Afek, M. Cohen, E. Haalman, Y. Mansour, "Dynamic Bandwidth 
Allocation Policies, " 0743-166X/96 IEEE. The later case is preferred because 
adjusting the bandwidth of an existing VC takes less time than closing and opening 
the VC. 

10 

When the data rate of the traffic fluctuates rapidly it is said to be "bursty." This 
makes it a problem for a QoS router or server to determine exactly when to 
renegotiate bandwidth, and what the adjusted bandwidth should be, particularly 
with real-time traffic, .e.g., a "live" streaming video, at a utilization level greater 
15 than 98%. 

M. Grossglauser, S. Keshav, and D. Tse"RCBR: A Simple and Efficient Service for 
Multiple Time Scale Traffic;' in Proc. ACM SIGCOMM'95, pp. 219-230, August 
1995, described an off-line method for bandwidth renegotiation. Their method 

20 determines an optimal schedule for traffic based on a complete knowledge of the 
traffic's required data rate over time. They assign a constant cost per renegotiation 
and per allocated bandwidth unit. That off-line method achieves 99% bandwidth 
utilization defined as a ratio of the average rate of the original stream to the 
average of a piecewise constant service rate, with one renegotiation on average 

25 every seven seconds. Even though the utilization achieved in that method is very 
close to 100%, their method cannot be used for renegotiating real-time traffic 
where a future behavior of the traffic is not known a priori. 
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Therefore, there is a need for a method and a system for optimally renegotiating 
bandwidth for real-time network traffic. 

5 Summary of the Invention 

This invention provides in general a method or a system that renegotiates network 
resources allocated to an application's traffic in dynamic time intervals and 
optimizes the number of resource renegotiations. In particular, this invention 
10 provides a method that assigns predicted portion of the available link capacity to an 
applications bit stream and based on the time varying characteristics of the bit 
arrival rate, it renegotiates the allocated bandwidth, meanwhile optimizing the 
number of bandwidth renegotiations. 

15 More specifically, the invention provides a method for dynamically allocating and 
renegotiating bandwidth to real-time traffic having a variable data rate in a 
network. A current data rate and current bandwidth for network traffic is measured. 
A future data rate for the traffic is predicted based on the measured data rate and 
bandwidth. A cost function is then minimized based on the current data rate, the 

20 current bandwidth, and the future data rate to determine a future bandwidth to be 
allocated for the traffic so that a cost of the renegotiation is minimized over time. 
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Brief Description of the Drawings 

Figure 1 is a graph of real-time network traffic processed by the invention; 

5 Figure 2 is a detailed graph of over and under allocation; 

Figure 3 is a graph of a cost function minimized by the invention; 

Figure 4 is a block diagram of over and under allocation with respect to the cost 
1 0 function of Figure 3 ; 

Figure 5 is a block diagram of decreasing the cost function; 

Figure 6 is a flow diagram of a method for renegotiation according to the 
15 invention; 

Figure 7 is a block diagram of a renegotiation control unit according to the 
invention. 
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Detailed Description of the Preferred Embodiment 

In this description, the following variables and terms are defined 
n : time 

5 a(n) : bandwidth allocation at current time n 

r(n) : bit arrival rate at time at current time n 
p(n+l) : predicted bit arrival rate for future time n+1 
B : buffer size 

w(e) : bandwidth cost function 
10 b(n): size of the queue (buffered bits) 

u(n) : size of the under-utilized bandwidth (bits) 
e(n) : bandwidth error function (bits) 
T(n) : cost of renegotiations 
J(n) : total cost function 

15 

Figure 1 shows the problem to be solved by the invention for renegotiating bursty 
real-time traffic 100. Here, a bit arrival rate r(n) 101 is shown as a function of time 
n 102. Renegotiation of allocated bandwidth is for a step size 103, over a 
renegotiation interval 104, where curve 105 is a cost effective allocation of 
20 bandwidth, and curve 106 indicates costly continuous bandwidth allocation 
renegotiations. 

Figure 2 shows details of the renegotiation problems. Bandwidth is renegotiated at 
time 205 due to buffering (under allocation) 203. The bandwidth is renegotiated to 
25 an allocation 202, however, the arrival rate 201 soon drops, causing an under 
utilization 204. 
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In order to avoid under allocation and under utilization of the bandwidth, the 
allocated bandwidth should be adapted as the bit arrival rate r(n) changes to 
follow-up of the traffic bit rate pattern. However, each renegotiation process 
involves a signaling between the network and the source of the traffic. High 
5 renegotiation frequency loads the network with overhead. On the other hand, long 
inter-renegotiation intervals make the follow-up of the traffic bit rate pattern 
difficult. Therefore, an optimal number of bandwidth renegotiations must be 
provided under constraints such as under utilization cost, renegotiation cost, and 
maximum buffer size. 

10 

Therefore, the invention determines an optimum bandwidth a(n+l) for real-time 
traffic at a future time n+1 given a current bit arrival rate (number of bits) r(n), and 
estimated optimum allocated bandwidth a(n) at a current time n. 

15 We determine an optimum bandwidth allocation a(n+ 1 ) for real-time traffic at a 
future time n+1 given a current traffic bit arrival rate r(n), and current allocated 
bandwidth a(n) at time n. To attain the optimum solution, we design a total cost 
function J that includes costs of under utilization in terms of u(n), under allocation 

J = w b b(n) + w u u(n) + T(n) 
= w (b(n) + u(n))+T(n) 
= w(e(n))+T(n) 

in terms of b(n), and renegotiation as T(n). The cost function J is defined as 
20 where the e(n) is the bandwidth error such that 

In the cost function, the size of the queue b(n) and the size of the under used 
e( n ) = X (r(i) - a(i)) + + 1) - a{n) 

i=0 
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bandwidth u(n) are weighted by shaping functions w b b and w u u, and then added to 
the cost of renegotiation T(n). Using separate cost terms for under utilization and 
under allocation enables us to adapt the optimization method for various types of 
applications; weighted fair queuing (WFQ) processes, ATM switches, etc. In 
5 addition, one cost term can be preferred to the other with respect to the changing 
network conditions, i.e., the buffer cost can have a nonlinear dependence on the 
current queue size, and cost of bandwidth can be alternating at the certain times of 
the day. The under allocation happens when the allocated bandwidth is insufficient 
to handle the bit arrival rate. 

10 

In case of under allocation, excess bits are queued in the buffer. The buffered bits 
are sent when the arrival bit rate is less than the allocated bandwidth, thus, there is 
available bandwidth to forward bits from buffer. The under utilization u(n) occurs 
when the allocated bandwidth is greater than the bit arrival rate and the buffer is 
1 5 empty. Therefore, the allocated bandwidth is not fully used. 

The bandwidth error function e(n) is u(n) for under utilization, and b(n) for under 
allocation. The error function also includes the predicted bandwidth error for future 
time n+1 to include the effect of keeping the same bandwidth allocation level. The 
20 bandwidth cost function w(e(n)) corresponds to the under allocation cost when e(n) 
is greater than zero, and under utilization cost otherwise. 

While optimizing J, the renegotiation step a(n+l) and time are obtained. The 

a(n + 1) = arg min J = arg min[w(e(n)) + T(n)] 
determination for a(n+l) is made by minimizing the cost function 

25 



7 



By analyzing the impact of each cost term in the cost function J, the minimization 
of the cost function can be understood. The renegotiation cost function T(n) should 
be high when another bandwidth renegotiation was made recently at time n-m, 
where m is a small time period. By the increasing the value of m, which also 
means that the last renegotiation was made long past; the cost of renegotiation 



T(n) = 



'C x T{n-\) a{n)±a{n-\) 
C 2 T(n-l) a(n) = a(n-\) 
should be decreasing because renegotiation becomes more affordable. Therefore, 
the time period m between the current time and the very last renegotiation 
determines the magnitude of the renegotiation cost function T(n): 

10 The above constants are assigned as d>l>C 2 >0. These constants determine 

severity of the renegotiation cost. If the bandwidth cost function w(e(n)) becomes 
larger than the renegotiation cost function for the predicted traffic, it becomes 
advantageous to renegotiate to prevent from the expansion of w(e(n)). In case a 
constant renegotiation cost is preferred to a variable cost term, the number of 

1 5 renegotiations can increase rapidly if the newly allocated bandwidth is incapable of 
quickly reducing the under allocation or under utilization costs. The cost function J 
fluctuates close to the decision boundary. Each time the bandwidth cost function 
becomes higher than the renegotiation cost, a new renegotiation is made. 

20 Considering the under utilization and under allocation, we form w(e(n)) as 

' e{nf e{n)>0 
e(n) L e(n)<0 



w(e(n)) = 



We choose K>L>1 to increase the weight of under allocation. If no buffer overload 
is permitted), then w(e(n)) becomes infinity at B by asymptotically converging to 
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the e(n) = B. In the above equations, the cost of bandwidth w(e(n)) is assigned as a 
combination of polynomial functions. Alternatively, the cost of bandwidth can be 
defined by a piece-wise continuous function or an exponential function. 

5 Figure 3 show a minimum (0) J 301 as a function of the bandwidth error function 
e(n) 302, with the bandwidth cost function 303, a buffer size B 304, a current 
bandwidth cost 306, and an update of the renegotiation cost in the future T(n+1) 
305. 

10 Figure 4 shows this more clearly for the case where the bandwidth cost w(e(n)) is 
greater than the cost T(n) of renegotiation 400. A new renegotiation is made. When 
e(n) < 0 401, the allocated bandwidth is under utilized and less bandwidth should 
be allocated for the next time instance, and the cost of renegotiation T is increased. 
When e(n) > 0 402, buffering is required due to under allocation, and the 

15 bandwidth should be increased, and the cost of renegotiation T is also increased. 

Figure 5 shows the case where the accumulation function w(e(n)) is less than the 
cost T(n) of renegotiation 500. In this case 501, the bandwidth should remain the 
same, and the cost of renegotiation is decreased. 

20 

Figure 6 shows a flow diagram of a method 600 for optimally renegotiating 
bandwidth for real-time traffic according to the invention. The method receives a 
bit arrival rate r(n) 601 as input. Based on the arrival rate, a prediction module 610 
determines a future arrival rate 602. The prediction can be linear, least mean 
25 square, or use a wavelet decomposition method described in U.S. Patent 
Application Sn. 09/842,973 "Adaptive Bandwidth Allocation by Wavelet 



9 



Decomposition and Energy Analysis of Network Traffic" filed by Sahinoglu on 
April 26, 2001, incorporated herein by reference. 

The predicted future arrival rate 602 is passed to a renegotiation control unit 
5 (RCU) 700 to determine a bandwidth allocation 603 at a future time n+1 . The 
future bandwidth allocation is fed back 604, to be used by the RCU 620 during the 
next renegotiation. 

Figure 7 shows the details of the RCU 700 that achieve the functions shown in 
10 Figures 3-5. As described above, the RCU takes as input the values 601-603. These 
values are summed 710 to produce the cumulative cost e(n) 701. Next the 
weighting function w(e(n)) is determined 720, compared with the cost of 
renegotiation T, which can either be less then one 731, or greater than one 732. 

15 In the case the cost is less than one 73 1 , a determination 740 is made if the current 
weighting function is less than or greater than zero. Based on the above 
determinations, the bandwidth for the next time interval is allocated accordingly in 
steps 751-753. In step 751, the bandwidth is set (402) to a maximum of either 
current or future rate. In step 752, the bandwidth is set (401) to a minimum of 

20 either current or future rate. In step 753, the bandwidth remains the same (501). 

This invention is described using specific terms and examples. It is to be 
understood that various other adaptations and modifications may be made within 
the spirit and scope of the invention. Therefore, it is the object of the appended 
25 claims to cover all such variations and modifications as come within the true spirit 
and scope of the invention. 
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